The urothelium lines all urinary passages, with exception of the distal portions of the urethra. For the first time the structure of the human bladder was described by Leonardo Da Vinci in 15 th century, however, the exact ultrastructure and function of the bladder's epithelium have not been fully understood. The aim of our study was to investigate the structure of normal human urinary bladder epithelium with methods of classical histology, transmission electron microscopy (TEM) and scanning electron microscopy (SEM). We obtained biopsies from non-tumor areas from the human urinary bladder of tumor-bearing patients during transurethral resections of these tumours in general or spinal anaesthesia. Totally we investigated biopsies from 20 patients, 16 males and 4 females. The mean age of this group of patients was averaged 66.5 years. The urothelium is comprised of three cell types including polyhedral basal cells, piriform intermediate cells, and superficial umbrella cells. In human urinary bladder epithelium we found a direct connection between intermediate cells and the basement membrane. These thin cytoplasmic projections are detectable not only on slides for light microscopy (semithin sections), but also in transmission electron-micrographs. In semi-thin sections we found also direct connections between superficial umbrella cells and basement membrane. These connections we were not able to verify via transmission electronmicroscopy. Nevertheless our results show that the human urinary bladder urothelium is a special type of pseudostratified epithelium and each cell has a thin cytoplasmic projection with a direct contact with basement membrane.
Introduction
The urinary bladder epithelium (urothelium or transitional epithelium, lat. epithelium transitionale) is located at the interface between the urine and the underlying loose connective tissue, where it forms a highresistance barrier to ions, solutes, and water, as well as pathogens. Historically, the urothelium had been viewed as a passive barrier. However, recent evidence has demonstrated that it can modulate the composition of the urine, and it functions as an integral part of a sensory web in which it receives, amplifies, and transmits information about its external milieu to the underlying nervous and muscular systems (Birder 2004; Lazzeri 2006; Khandelwal et al. 2009 ). The urothelium possesses four properties to perform these functions. First, it offers a minimum epithelial surface area-tourine volume; this reduces the surface area for passive movement of substances between lumen and blood. Second, the passive permeability of the apical membrane and tight junctions is very low to electrolytes and nonelectrolytes. Third, the urothelium has a hormonally regulated sodium absorptive system; thus passive movement of sodium from blood to urine is countered by active sodium re-absorption. Last, the permeability properties of the apical membrane and tight junctions of the urothelium are not altered by most substances found in the urine or blood (Lewis 2000) .
The urothelium lines all urinary passages, with exception of the distal termination of the urethra in males and mid and distal portion of the urethra in females. Urothelium is composed of a basal layer (stratum basale), followed by an intermediated layer (stratum intermedium) and superficial layer (stratum superficiale), which consist of often binucleate umbrella cells (urotheliocytus superficialis, umbellocytus). The umbrella cells are interconnected by tight junctions (which are composed of multiple proteins such c 2012 Institute of Zoology, Slovak Academy of Sciences
The structure of human bladder epithelium 1019 as the claudins) and are covered on their apical surface by crystalline proteins called uroplakins (granulum uroplakini) that assemble into hexagonal urothelial plaques (crusta urothelialis) (Birder 2011) . In some species, such as rat and guinea pig, the umbrella cells and also the intermediate cells have projections to the basement membrane (Apodaca 2004) . But controversy, concerning the classification of this epithelium in human in different textbooks, is remarkable. According to some authors (e.g., Krstić 1979 Krstić , 1988 Krstić , 1994 Kierszenbaum 2007) , it is a pseudostratified epithelium; since fine processes of superficial umbrella cells also contact the basal lamina. Others (e.g., De Groat 2004; Ross & Pawlina 2006; Young et al. 2006; Gartner & Hiatt 2007; Eroschenko 2008; Ovalle & Nahirney 2008; Cui et al. 2011; Gartner et al. 2011 ) regard the human bladder epithelium as a stratified epithelium with more than one layer of epithelial cells.
The aim of our study was to investigate the structure of normal human urinary bladder epithelium with methods of classical histology, transmission electron microscopy (TEM) and scanning electron microscopy (SEM). We searched for the answer to long-term unclear question: is the human urinary bladder mucosa covered by stratified or pseudostratified type of epithelium?
Patients and methods
We obtained biopsies from non-tumor areas from the human urinary bladder of tumor-bearing patients during transurethral resections of these tumours in general or spinal anaesthesia. Totally we investigated biopsies from 20 patients, 16 males and 4 females. The mean age of this group of patients was averaged 66.5 years, ranging from 46 to 84 years. The most frequent diagnosis was urothelial (transitional) carcinoma, which is the most common urinary bladder malignancy.
For ordinary light microscopy (LM), we fixed the samples for 24 h in 4% formaldehyde, for transmission (TEM) and scanning electron microscopy (SEM) for 3 h in 3% glutaraldehyde. For LM we embedded samples into paraffin. We stained the 5 µm thin sections by hematoxyline and eosin (HE), Masson's trichrome-method, Periodic Acid Schiff reaction (PAS) for demonstrating of polysaccharides and the Gömöris' impregnation method for visualisation of reticular fibres (Lillie 1965) . For TEM we post-fixed the tissue with 1% OsO4 in phosphate buffering solution and embedded into Durcupan ACM. The 1µm semithin sections were stained with toluidine blue. The ultrathin sections were contrasted with uranyl acetate and lead citrate. For SEM we identically postfixed the tissue, after dehydration we dried it at the critical point of CO2 (CPD 020 Balzers Union) and galvanized it with gold for 2.5 min at the pressure of 2500 Pa and the current of 50 mA in the apparatus SCD 030 Balzers Union, the anode-cathode distance being 55 mm Gálfiová et al. 2009 ).
Light microscopic examination was performed by Nikon Eclipse 80i microscope and images were captured with Nikon DS-Fi1 digital camera. For TEM we used microscope MORGAGNI 268D and for SEM analysis we used microscope VEGA TS 5136 XM.
Results

Light microscopy
In basic histological staining (HE and Masson's trichrome method) the urothelium consisted of 4-6 cell layers; the layer of polyhedral basal cells, one or more layers of piriform intermediate cells and the superficial layer of large umbrella cells (Figs 1-3 ). Umbrella cells were often binucleated (Fig. 3) and their nuclei contained more than one nucleoli. The smallest, polyhedral urothelial cells were observed in the basal layer (around 10 µm in diameter), the largest cells in the surface layer (more than 100 µm in diameter). The apparent number of cell layers was in part related to the plane of section through the urothelium (compare Figs 2 and 3) . In case of careful dehydratation, embedding and sectioning, there were no artificial spaces between urothelial cells (Figs 1, 2 ). But the urothelium was very sensitive to histological processing and the shrinkage of cells often formed artificial intercellular spaces and ruptures (Fig. 3) . The loose connective tissue of lamina propria lied under urothelium in which numerous blood capillaries ( Fig. 1) , free lymphocytes and lymphoid follicles were observed. The basal membrane between urothelium and lamina propria is well visualized after silver impregnation; we observed numerous reticular fibers in the lamina reticularis (Fig. 4) . The basal membrane and the apical surface of superficial umbrella cells were PAS positive; the PAS reaction was stronger in the apical surface of urothelium (Fig. 5) .
The fine structure of urothelium was better observed in semi-thin sections after staining with toluidine blue . The connections between intermediate cells and basal membrane were evident, but we often found direct connections via long processes between superficial cells and basal membrane, too. It shows that urothelium consists only from one layer of morphologically different cells and each epithelial cell reaches the basal membrane (a special type of pseudostratified epithelium). The superficial umbrella cells were lighter, but near the apical surface contained small darker granules or vesicles (Fig. 7) .
Scanning electron microscopy
In scanning electron microscopy the normal urinary bladder epithelium consists of large, flat polygonal cells (Fig. 9 ). The surface of the umbrella cells appears pleated and each cell is surrounded by tight junctions. The plasma membrane of umbrella cells looks scalloped. Higher magnification views show that the surface is covered by raised ridges, also called hinges (microplicae), and intervening areas called plaques.
Transmission electron microscopy
The basal cells create a single layer of polyhedral cells (10-20 µm in diameter) with round and pale nucleus (Fig. 10) . In cytoplasm clusters of mitochondria are visible. The number of intermediate cell layers is variable and varies from one to four. They are piriform in shape and have thin cytoplasmic processes (often more than Fig. 2. (the number of cell layers is higher). Umbrella cells (UC) often contain two nuclei (arrows). The urothelium is very sensitive to histological processing and the shrinkage of cells often forms artificial intercellular spaces and ruptures. LP -lamina propria (Masson's trichrome, magn. ×400). 4: The urinary bladder's mucosa of 62-year-old man after silver impregnation. The basal membrane contains numerous thin and branched reticular fibers (RF). TE -transitional epithelium, AS -apical surface (Gömöris' impregnation method, magn. ×400). 5: The urinary bladder's mucosa of 62-year-old man after visualization of polysaccharides. The basal membrane (BM) and the apical surface (AS) of umbrella cells are PAS positive (PAS-reaction, magn. ×400). 6: Semithin (1 µm thick) section throughout the mucosa of urinary bladder of 61-year-old man. The arrows point to the complete cytoplasmatic processes by which superficial cells reach the basal membrane. BVblood vessels (toluidine blue, magn. ×400). 7: Semithin (1 µm thick) section throughout the mucosa of urinary bladder of 61-year-old man. The arrows point to the complete cytoplasmatic process by which intermediate cells reach the basal membrane. The umbrella cells (UC) are lighter, but they contain numerous basophilic granules (toluidine blue, magn. ×400). 8: Tangential semithin (1 µm thick) section throughout the mucosa fold of urinary bladder of 88-year-old man. The arrows point to the complete cytoplasmatic processes by which intermediate cells reach the basal membrane. BV -blood vessel (toluidine blue, magn. ×400). 30 µm long) that connect them directly to the basement membrane (Fig. 11) . Their nuclei have deep invaginations and prominent nucleoli. The basal parts of cytoplasmic processes contain abundant mitochondria (Fig. 12) , which may reflex their ion-transport function.
The superficial layer of urothelium is composed of large flat, polygonal umbrella cells with well-developed leafy microridges covering the surface of the cells. These cells are often binucleated and have long cytoplasmic projections between intermediate cells (Fig. 13) . But we did not observe direct connections of these projections with basal lamina by this method. In the future we will use much more serial sections for detection of direct connection between superficial layer and basal lamina. Transmission electron-micrograph of cross sectioned umbrella cell apical membrane demonstrates hinges and urothelial plaques (Fig. 14) . The epithelium possessed an asymmetric unit membrane at the apical cell surface and many discoid (fusiform) vesicles (vesiculae adluminaless urotheliales), which are formed from the surface membrane when the bladder is in relaxed state. We found numerous tight junctions, strong desmosomal contact (Fig. 15) , and lateral cell membrane reserve in the form of extensive interdigitations which probably plays an important role during bladder distension. Desmosomes indicate that these cells are strongly attached to each other, precluding any sliding movement between cells. The cytoplasm of umbrella cells is pale, and contains numerous lipid droplets, mitochondria (mostly in the apical part), Golgi apparatus and rough endoplasmic reticulum (Fig. 16) . We found also numerous lamellar or multivesicular bodies in the cytoplasm of umbrella cells (Figs 16-18 ). They are probably tertiary lysosome, contain also lipid droplets and are involved in uroplakin degradation process.
Urothelium: stratified or pseudostratified epithelium
In human urinary bladder epithelium we found a direct connection between intermediate cells and the base- 13-18. 13: Superficial binucleated umbrella cell with thin long cytoplasmic process (arrows) that connects it probably to the basal lamina. A -apical surface, N -nucleus, L -lipid droplet (TEM, magn. ×4,400). 14: Apical surface of umbrella cell. In cytoplasm there are many discoid vesicles (vesicula adluminalis urothelialis), which are formed from the surface membrane when the bladder is in relaxed state. AUM -asymmetrical unit membrane (TEM, magn. ×22,000). 15: Junctional complex between two neighboring umbrella cells, desmosome (D) and tight junction (TJ). G -glycogen granules, N -nucleus (TEM, line in Fig. = 0.2 µm, magn. ×71,000) . 16: Cytoplasm of umbrella cells with well-developed rough endoplasmic reticulum and numerous mitochondria. M -mitochondria, rERrough endoplasmic reticulum, LB -lamellar body, N -nucleus (TEM, magn. ×22,000). 17: Lamellar body with numerous lipid droplets from cytoplasm of an umbrella cell. M -mitochondria, N -nucleus, L -lipid droplet (TEM, magn. ×14,000). 18: Extremely large lamellar body from cytoplasm of an umbrella cell. AUM -apical surface covered by asymmetrical unit membrane, M -mitochondria, L -lipid droplets, R -ribosomes (TEM, magn. ×14,000). ment membrane. These thin cytoplasmic projections are detectable not only on slides for light microscopy (semi-thin sections), but also in transmission electronmicrographs. In semi-thin sections we found also direct connections between superficial umbrella cells and basement membrane. These connections we were not able to verify via transmission electron-microscopy. Nevertheless our results show that the human urinary bladder urothelium is a special type of pseudostratified epithelium and each cell has a thin cytoplasmic projection with a direct contact with basement membrane.
Discussion
The urothelium separates the urinary tract lumen from underlying tissues of the urinary tract wall. Previously considered as a merely effective barrier between these two compartments it is now recognized as more active tissue that senses and transduces information about physical and chemical conditions within the urinary tract, such as luminal pressure and urine composition (Border et al. 2010 ). Blood-urine barrier is the tightest and most impermeable barrier in the body. In the urinary bladder, the barrier must accommodate large changes in the surface area during distensions and contractions of the organ (Kreft et al. 2010a) .
The morphology of mammalian bladder epithelium has been documented in several classical histological studies, but most of them are from 60' and 70' of the last century. Classical methods of light microscopy were used in studies by Leeson (1962) and Ersoy et al. (2006) in rats and Jost et al. (1989) in humans. The methods of electron microscopy were used by Walker (1960) in mice, Burke (1976) and Verlander (1998) in rats, Richter & Moize (1963) in different mammalians, Monis & Zambrano (1968) in humans and Hoyes et al. (1972) in human fetuses. In our work we described some histological methods (light microscopy, transmission and scanning electron microscopy) used for investigation of ultrastructure of human's urinary epithelium. Our observations are in agreement with the schematic drawings of ultrasctucture of human urothelium published by Krstić (1979 Krstić ( , 1988 Krstić ( , 1994 .
A fundamental limitation in the use of human tissue in medical research is the artifact induced by rapid post mortem autolysis (Jost et al. 1989 ). This applies particularly to the bladder epithelium and may be the underlying case for several disproportionate morphological description of "normal" urothelium. Urothelium is exposed to the permanent effect of acidic urine; therefore the bladder epithelium undergoes rapid post mortem degradation. In animal models, autolytic changes are morphologically detectable by scanning electron microscopy within 60 seconds after euthanasia of the animals (Cohen et al. 2007 ). In our study, the bladder epithelium was extracted peroperatively and immediately fixed within less than ten seconds.
The uroepithelium is comprised of three cell types including basal cells, intermediate cells, and umbrella cells. Basal cells are small, form a single layer that contacts the underlying connective tissue and capillary bed, and serve as precursors for the other cell layers. Basal cells normally exhibit a low (3-6 months) turnover rate, in fact the slowest turnover of any mammalian epithelial cells (Martin 1972; Hicks 1975) . Jost et al. (1989) found no mitoses despite a careful search covering about 50,000 urothelial cells. Intermediate cells are piriform in shape, sit on top of the underlying basal cells, and form a layer that appears in crosssection anywhere from one to several cell layers thick. The outermost umbrella cell layer is comprised of very large polyhedral cells. Although umbrella cells are long living, they are rapidly regenerated when the urothelium is damaged. This regeneration can result from cell division within any of the three cell layers, and generation of the multinucleate umbrella cells is likely the result of intermediate cell-cell fusion (Apodaca 2004) .
The superficial umbrella cells are interesting from several points of view. These cells are greatly flattened and expanded, with a diameter reaching over 100 µm (Veranic et al. 2004) . Well developed tight junctions and desmosomes are found between umbrella cells and are visible also in our scanning and transmission electron-micrographs. These junctions are a basis for the paracellular permeability barrier of the bladder against diffusion of urinary solutes (Rickard et al. 2008) . The umbrella cells have a characteristic fatty acid metabolism. The fatty acid composition of microsomal, mitochondrial, cytosolic, and plasma membrane subcellular fractions showed a distinctive lipid composition compared to the general profile of plasma membrane from other tissues (Calderon et al. 1998) . Using transmission electron microscopy we found numerous lipid droplets in the cytoplasm of umbrella cells, nearby the apical surface, which may reflect the unique morphology of these cells, consisting of plaques with an asymmetrical membrane unit.
The apical surface of mammalian urothelium is highly specialized, featuring two-dimensional crystals (asymmetrical membrane units, urothelial plaques) containing four major uroplakin-particles (Oostergetel et al. 2001; Min et al. 2003; Kong et al. 2004) . The differentiation of urothelial cells starts with the synthesis of differentiation-related proteins, i.e., cytokeratins and uroplakins, and later with their specific organization. Veranic et al. (2004) consider that the umbrella cell has reached its final stage of differentiation when uroplakins form plaques of asymmetric unit membrane that are inserted into the apical plasma membrane. From cytological point of view, the Golgi apparatus has an essential role in membrane trafficking, determining the assembly and delivery of uroplakins to the apical plasma membrane) of superficial urothelial cells of urinary bladder (Kreft et al. 2010b) . Although urothelial plaques and attendant asymmetrical unit membranes particles have been known for decades, the role of these structures is not well understood. A function of plaques is that they may help maintain the permeability barrier associated with the apical membrane of umbrella cells. Recent biophysical analyses demonstrate that bladders from knockout animals have a significant increase in water and urea permeability across the umbrella cell layer; however, junctional permeability appeared to be unchanged (Hu et al. 2002) . Another function described more than 50 years ago to plaques is that they may modulate the apical surface area of the umbrella cell by regulating insertion (during filling) and recovery (during voiding) of plaque membrane (Porter et al. 1967) .
Several specific agents have been identified as urinary bladder carcinogens in humans. Classes of chemical agents that are associated with bladder cancer include aromatic amines and amides, phosphoramide mustards, nitrosamines, arsenicals, and various alkylating and cancer chemotherapeutic agents. In addition, chronic bacterial cystitis and schistosomiasis have been associated with an increased risk of bladder cancer, and there is some evidence that long-standing lower urinary tract calculi can lead to an increased risk of bladder cancer (Cohen 1998; Cohen et al. 2007) .
Our work described the normal structure of human urinary bladder epithelium and can be useful also for other experimental works focused on morphological changes of urothelium under various conditions. The first signs of epithelial cells malignant abnormalities are detectable in the basal layer. These cells have nuclear abnormalities such as increased nucleus/cytoplasm ratio, eccentric nucleus, hyperchromatism and/or irregular shape. Their occurrence in small number does not allow their categorization as malignant and they are termed as atypical urothelial cells (Piaton et al. 2011 ). The occurrence of atypical urothelial cells has a diagnostic and prognostic value. The information about normal structure of the wall of urinary bladder is also important for regenerative medicine, during testing of artificial scaffolds used in surgical bladder reconstitution (De Angeli et al. 2004) .
Conclusion
In our work we described the fine structure of normal human urinary bladder epithelium with methods of classical histology, transmission electron microscopy and scanning electron microscopy. In human urinary bladder epithelium we found (light and electron microscopically) a direct connection between intermediate cells and the basement membrane. In semi-thin sections we found also direct connections between the superficial umbrella cells and basement membrane. Our results show that the human urinary bladder urothelium is a special type of pseudostratified epithelium and each cell has a thin cytoplasmic projection with a direct contact with basement membrane.
